Estimation of the Molecular Weights of Proteins
by Sephadex Gel-Filtration BY P. ANDREWS National In8titute for Re8earch in Dairying, Shinfield, nr. Reading, Berk8. (Received 30 Aug?ht 1963) When a mixture of molecules is passed through a column of porous gel granules, the molecules may appear in the effluent in order of decreasing size. Fractionation is believed to occur when diffusion of the molecules into the gel pores is restricted but not prevented because of their size, and because they pass through the column at rates that are related inversely to the fluid volume accessible to them within the column. Lathe & Ruthven (1956) suggested that the dimensions of protein and polysaccharide molecules might be estimated by this technique, now widely known as gel-filtration. However, evaluation of their suggestion is difficult because of uncertainty about the size and shape of macromolecules in solution (Schachman, 1960) . Although molecular weight is unlikely to be a good approximation for size in comparing such dissimilar molecules as proteins and polysaccharides, the correlation between molecular weights and gelfiltration behaviour of dextrans (Granath & Flodin, 1961) indicates that, for a homogeneous series of macromolecules, size and molecular weight are closely related. Andrews (1962) obtained evidence from experiments with agar-gel columns that this was also true for a number of proteins, and showed that gel-filtration can be used as a comparative method to give useful estimates of the molecular weights of proteins.
Agar gels can be used to separate proteins over very wide molecular-weight ranges (Polson, 1961; Andrews, 1962; Steere & Ackers, 1962) , whereas over smaller ranges of molecular weight much better separations can be obtained with gelfiltration media composed of cross-linked dextrans (Sephadex, manufactured by Pharmacia, Uppsala, Sweden) (Flodin, 1962) or polyacrylamide (Hjert6n & Mosbach, 1962) . Therefore a more critical appraisal of the relationship between the molecular weights ofproteins and their gel-filtration behaviour is possible with these media than with agar gels. Uppsala, Sweden) were suspended in water and allowed to swell for 2-3 days, and then the smallest particles were removed by decantation. Suspensions of the gels were deaerated under reduced pressure before use.
Each column was prepared by pouring a thin slurry of gel particles in buffer solution into a vertical tube, already partly filled with buffer, and at the same time allowing excess of liquid to percolate through the growing gel bed. The addition of gel was continued until a bed height of 51-52 cm. was obtained, and then a solvent reservoir was connected to the top of the column and the flow of buffer maintained at a rate of approx. 30 ml./hr. for 2 days. By this time the bed had settled to a constant height, which was then adjusted to 50 cm. (bed volume, 226 ml.) by the addition or removal of gel, already equilibrated with buffer, as necessary. Some columns gave variable results when newly packed, but showed consistent behaviour after 2-4 days' washing with buffer.
Even packing of each column was checked by watching the passage through it of a band of coloured protein (e.g. cytochrome c). Irregularities developed at the top of most columns after repeated use. These were readily detected by skewness of coloured bands, or poor definition of peak maxima in elution diagrams. Faults were corrected by replacing the top 0 5-1 cm. of such columns with fresh gel, then stirring the top 2-3 cm. and allowing the gel particles to settle again with buffer solution flowing through the column. Columns were eluted continuously with buffer solution when not in use.
Procedure for column run8. Except where otherwise stated, experiments were performed with columns equilibrated with 0-05M-tris hydrochloride buffer, pH 7*5, containing KCI (0 1 M), and a flow rate through the columns of approx. 30 ml./hr. (6-6 ml./cm.2/hr.) was maintained by the application of positive or negative hydrostatic pressure to the tops of the columns by adjustment of the position of the solvent reservoir. All the experiments were done at room temperature (20±3°).
Proteins were dissolved in the equilibration buffer (2 ml.) and the solution was applied to the top of a column by layering under the buffer already present. The density of the protein solution was increased by the addition of sucrose (approx. 5 mg.) when the weight of protein was less than 5 mg. Collection of the column effluent in fractions, with a fraction collector (Aimer Products Ltd., London) fitted with a 3 ml. siphon, was begun when half the protein solution was judged to have entered the column. The variation in fraction volume was ±2% (determined by weight).
Examination of column effluents. Proteins were estimated spectrophotometrically by using the whole of each effluent fraction in a cuvette with a 1 cm. light-path. The wavelength was selected according to the quantity of protein used (Table 2) ; cytochrome c-551 and haemoglobin were estimated at 408 mH and 410 m, respectively. The reference cuvette contained a sample of column effluent collected before the emergence of protein. In experiments involving extinction measurements at 215 mIA, the maintenance of a steady flow of buffer through a column during application of the sample, and at other times, was necessary to avoid irregularities in background absorption. Indian ink was estimated at 900 m,u, and sucrose determined by the anthrone method (Trevelyan & Harrison, 1952) .
Enzymic activities were estimated by spectrophotometric methods in 1 cm. cuvettes by using samples (0-05-1-0 ml.) from appropriate effluent fractions, in total volumes of 3 ml., at 250. Assay mixtures for the alkaline phosphatases from milk and intestine contained 1.0 m-mole of tris hydrochloride buffer, pH 9-5, 4 ,umoles of p-nitrophenyl phosphate and 10 ,umoles of MgCl2; the linear change in extinction at 410 m,u with time was measured.
For hexokinase, assay mixtures contained 250 ,umoles of tris hydrochloride buffer, pH 7-5, 10 umoles of ATP, 10 ,umoles of MgC12, 50 ,moles of D-glucose, 0-7 1tmole of NADP and sufficient glucose 6-phosphate dehydrogenase to effect an extinction change at 340 mix of approx.
1-0/min. when, in a separate experiment, 10 ,umoles of glucose 6-phosphate (Boehringer und Soehne) were added and hexokinase was omitted. In the hexokinase assays the measured extinction changes at 340 m,u were linear with time for at least 4 min. and did not exceed 0-15/min. Other enzymes were assayed as indicated in Table 4 .
The effluent volume corresponding to maximum concentration of a solute (elution volume, Ve) (Gelotte, 1960; Flodin, 1962) was estimated to the nearest 1 ml. from an elution diagram, by extrapolating both sides of the solute peak to an apex.
Thin-layer gel-filtration uith Sephadex G-100. Thin gel layers were prepared on glass plates (20 cm. x 10 cm.) with Vol. 91 223 apparatus manufactured by C. Desaga G.m.b.H., Heidelberg, Germany, and used as described by Determann (1962) and Johansson & Rymo (1962) Craig, 1962) . 224 1964 tration ranges that were studied (the smallest quantity used was 0-2-03 mg.): 50-fold concentration range: x-lactalbumin, ovalbumin, serum albumin, y-globulins; 25-fold concentration range: cytochrome c, ribonuclease, thyroglobulin; tenfold concentration range: myoglobin, soya-bean trypsin inhibitor, serum albumin dimer; fourfold concentration range: glucagon, P8eudomona8 cytochrome c-551, cytochrome c dimer. Table 2 , which is designed to assist in the choice of wavelength for Table 2 . Spectrophotometric estimation of proteins in Sephadex-column effluents
The quantities indicated, after passage through Sephadex G-75 and G-100 columns (2.4 cm. x 50 cm.), gave maximum extinction readings of 0 2-0 4 (1 cm. cuvette) at the wavelengths indicated for the effluent. spectrophotometric estimation of proteins in column effluents, was compiled from the results of these experiments. For chymotrypsinogen, the elution volume decreased slightly with increasing concentration over a tenfold range (139 ml. for 0 3 mg. of protein on a Sephadex G-100 column, 136 ml. for 3 mg.). This behaviour indicates a concentration-dependent aggregation of the molecules (Schwert, 1951; Massey, Harrington & Hartley, 1955) which should be negligible in the experiment with 0 3 mg. of protein (see the Discussion section). Elution volumes of ,-lactoglobulin and haemoglobin showed considerable variation with protein concentration, and this was investigated further (see below).
Elution volumes for a group ofproteins sometimes differed by 1 ml. or 2 ml. in separate experiments with the same column, possibly as a result of temperature changes, but separation between the proteins was usually unaffected. Sets of elution volumes from columns that were identical in size and packed with gel from the same batch differed from each other by as much as 4 ml. for each protein, owing presumably to differences in density of the column packing.
Relationship between molecular weight and elution volume. Fig. 1 shows plots of elution volume, V., from Sephadex G-75 and G-100 columns against log(molecular weight) for the proteins listed in Vol. 91 225 P. ANDREWS plus sucrose. Each set of results was obtained with one column, but results with other columns fitted almost identical curves. For Sephadex G-75 the experimental points lie close to a straight line over the molecular-weight range 3000-35000, and for Sephadex G-100 over the range 5000-60 000. However, the graphs indicate that the useful working range of each gel extends well above these values, to about 70000 for Sephadex G-75 and 150000 for Sephadex G-100.
Effect of pH on the V17-molecular weight relation8hip. Experiments with y-globulins, bovine serum albumin, ovalbumin, soya-bean trypsin inhibitor and cx-lactalbumin, with both Sephadex G-75 and G-100 columns, were carried out over a wide range of pH and in a variety of buffers, as follows: approx. 0-1 N-hydrochloric acid, pH 1F3; 5 mrsuccinic acid-potassium hydroxide, containing potassium chloride (0 1M), pH 4-1, 5 0 and 5-6; 0 05m-tris hydrochloride containing potassium chloride (0.1 M), pH 8-5; 01M-boric acid-sodium hydroxide, containing potassium chloride, pH 9 9 and 10*7. Plots of V. against log(molecular weight) at each pH were similar to those at pH 7-5 ( Fig. 1) , except that the slope of the linear parts of the graphs increased to a small extent with decrease in pH.
RSA values. The comparison of gel-filtration results for proteins was facilitated by expressing the rate at which a protein migrates through a gelfiltration column as a fraction of the rate at which serum albumin migrates through the same column. (Andrews, 1962) . Variation in the values derived from different columns of the same gel was ±2%.
Calibration of Sephadex G-100 column8 for molecular-weight estimation. Sephadex G-100 columns for molecular-weight estimation were calibrated with glucagon, cytochrome c, oc-lactalbumin, myoglobin, soya-bean trypsin inhibitor, chymotrypsinogen, ovalbumin, serum albumin, serum albumin dimer, y-globulins and thyroglobulin. Elution volumes for these proteins were estimated as described above, and used to prepare graphs of the type shown in Fig. 1 . Table 2 indicates amounts of the different proteins found suitable for these experiments.
Molecular-weight estimations. Elution volumes of a number of enzymes were determined on calibrated Sephadex G-100 columns, and their molecular weights (Table 4) calculated from appropriate calibration curves. When the catalytic activity of enzymes was used to determine their positions in column effluents, y-globulins, serum albumin, ovalbumin and cytochrome c were included in each run to check column performance, and estimated by extinction measurements. The amounts of protein and wavelengths for their estimation were chosen to avoid appreciable contribution to the extinction by protein in the enzyme preparation. Thus, when the latter was less than 0 1 mg., the amounts of protein added were sufficient for their estimation at 230 mu (412 mi for cytochrome c), otherwise larger amounts of protein and estimation at 280 m,u and 412 my were used (Table 2 ). Rennin and adenosine deaminase (approx. 1 mg.) were each put through columns alone and estimated by the extinction at 220 m, to determine approximately their positions in the effluents, then they were run in admixture with comparable amounts of y-globulins, serum albumin and cytochrome c for molecularweight estimation. In both cases, the enzyme proteins gave distinct peaks in the elution diagrams. Table 3 . RBA values for elution of proteins and other comipoundsfrom Sephadex G-75, Sephadex G-100 and 9 % (wlw) agar-gel columns at pH The RBA values are migration rates through a gel relative to that of serum albumin under the same conditions, and are calculated (see the text) from the elution volumes given in Fig. 2 for Sephadex gels and from data given by Andrews (1962) correlated by expression on the common basis of 6 cm. migration by cytochrome c. In a plot of migration distance against log(molecular weight) (Fig. 4) the points lie on a curve, as may be predicted from the results of column experiments. Evidently the molecular weights of proteins can be estimated from their behaviour in thin-layer gelfiltration, although better resolution may be attainable with gel columns.
In duplicate experiments for all the enzymes listed in Table 4 , the maximum difference between molecular-weight estimates for the same enzyme was 5 %.
Bovine haemoglobin and P-lactoglobultin A. Elution volumes for bovine haemoglobin and fl-lactoglobulin A, determined at pH 7-5 in experiments with 1-2 mg. of either protein, were lower than expected from their molecular weights (Table 1) , indicating dissociation of the molecules into subunits under the conditions of the experiments. The effect of varying the haemoglobin concentration on its estimated molecular weight at pH 4 9, 6-8 and 7-5 is shown in Fig. 2 , and of varying fi-lactoglobulin concentration on its molecular weight at pH 7-5 in Fig. 3 .
Thin-layer gel-filtration with Sephadex G-100. Correlation between molecular weight and migration rate in thin layers of Sephadex G-100 was investigated with nine of the proteins listed in Table 1 . They were usually run in groups of three, and measurements from separate experiments were
DISCUSSION
The proteins used to test for correlation between molecular weight and gel-filtration behaviour were chosen because their molecular weights are accurately known. Column runs were performed with mixtures of proteins to cross-check the behaviour of each one against that of several others. Although several proteolytic enzymes of known molecular weight are available in purified form they were not included in the experiments because they are clearly unsuitable for admixture with other proteins. The effect of protein concentration on the elution volumes of f-lactoglobulin and haemoglobin showed that they could not be used as molecularweight standards, because of dissociation of the molecules into sub-units; their behaviour is discussed below. The decrease in elution volume of chymotrypsinogen with increasing protein concentration suggests reversible concentration-dependent aggregation even in dilute solution (Schwert, 1951; Massey et al. 1955 (Fig. 1) is similar to that for dextrans (Granath & Flodin, 1961) . In turn, the behaviour of dextrans is in accordance with Porath's (1962) (Fig. 5) and Sephadex G-200 gel (Wieland, Duesberg & Deterimann, 1963) The slopes of each curve in Fig. 1 are directly related to resolving power, so the linear parts define the molecular weights between which each gel gives optimum separation of proteins. In addition, the complete curves indicate that the useful working range of each gel extends well beyond these limits. From the relative slopes of the two curves, the resolving power of Sephadex G-75 in its optimum range is only slightly better than that of Sephadex G-100 in the same range. The 50 cm. columns used in the experiments described above did not, however, give the best resolution attainable with Sephadex gels. Other experiments have shown that, in accordance with the recommendations of Flodin (1961 Flodin ( , 1962 , improved resolution can be obtained by using longer columns, narrower sieve-fractions of gel and smaller gel particles. By such means the presence of serum albumin dimer in preparations of serum albumin can be detected with Sephadex G-75 (King & Norman, 1962) which, as Fig. 1 shows, needs good resolution. The RSA values (Table 3) are useful for correlating gel-filtration results from different columns because, unlike elution volumes, they are not a function of column size but depend only on the nature of the gel and the solutes themselves. It is suggested that sets of such values, not necessarily calculated with serum albumin as standard, may be useful for characterizing gel-filtration media.
The curves in Fig. 1 indicate that the molecular weights of proteins that are just excluded from the Sephadex gels used in the experiments described above are about 110000 and 300000 for Sephadex G-75 and G-100 respectively. Although these values may differ a little for other batches of Sephadex G-75 and G-100 gels, they are considerably greater than the lower molecular-weight limits given in the manufacturers' specifications for dextrans that are completely excluded from these gels (40000-50000 and 100000 for Sephadex G-75 and G-100 respectively). Evidently dextrans in solution have more expanded structures than do proteins of the same molecular weight, and application of the manufacturers' values without qualification to the behaviour of proteins on these gels is misleading.
Approximate values for the maximum and minimum pore diameters in each gel have been calculated from the gel-filtration results by assuming that the pores are circular in cross-section and that the appropriate diameters are equal to the diameters of spherical protein molecules that are just excluded at those points. Other assumptions are that the protein molecules have partial specific volumes of 0 73 ml./g. and are hydrated in solution Vol. 91 229 to the extent of 0 3 g. of water/g. of protein. For Sephadex G-75 the minimum and maximum molecular weights at which the Vi-log(molecular weight) curve has any slope are 2000 and 110000, and the corresponding pore diameters are about 18A and 70A, whereas for Sephadex G-100 the limits of 2500 and 300000 indicate minimum and maximum pore diameters of 20 A and 100 A respectively. The significance of these values clearly depends on the shape of cavities inside the gel particles. If they are conical (Porath, 1962) , with the greatest diameter at the particle surface, then maximum pore size applies to the surface opening of the widest cavity and minimum pore size to the diameter at the inner end ofthe narrowest cavity. However, the suggestion is that the calculated values are reasonable estimates of the spacings between dextran chains and cross-links that determine the properties of each gel. Although Sephadex G-75 and G-100 function almost equally well for the separation of proteins with molecular weights up to approx. 50000, Sephadex G-100 is the preferred gel for molecularweight estimation because its useful range extends to approx. 150000, well above that of Sephadex G-75. The wider range also facilitates calibration with readily available proteins of known molecular weight. The amount of any protein needed for a molecular-weight estimation clearly depends on the sensitivity of the method used to measure its concentration in column effluents or detect its presence in thin layers of gel. Therefore only catalytic amounts of enzymically active proteins are necessary (Table 4) and their molecular weights can be determined at concentrations similar to those employed for their assay. The method may well be applicable to the study of complex systems of enzymes, as purification of individual enzymes is not essential, but, in such cases, the possibility of interaction between solute molecules should be particularly noted. In experiments with nonenzymic proteins, 100-200 jig. of purified material is sufficient for a molecular-weight estimation.
Molecular weights of enzymes estimated by the gel-filtration method are compared with literature values in Table 4 . The best estimates of the molecular weight of rennin are probably 32000, calculated from its amino acid composition (Dr G. C. Cheeseman, personal communication), and 34400, derived from its sedimentation and diffusion properties (Friedman, 1960) , whereas the gel-filtration estimate was 31 000. The molecular weight of adenosine deaminase has not been reported, but its sedimentation coefficient (approx. 3 s; Professor T. G. Brady, personal communication) indicates a value of 30 000-40 000, and gel-filtration confirms this. Adenosine deaminase exists as a mixture of five or more isoenzymes (Brady & O'Connell, 1962) , so if sub-unit structure is responsible for this phenomenon (cf. lactate dehydrogenase; Appella & Markert, 1961; Wilson, Cahn & Kaplan, 1963 ) the molecular weight of an adenosine-deaminase subunit may be no more than 9000. The behaviour of horseradish peroxidase on Sephadex columns indicated a molecular weight (49000) greater than the accepted value of 40 000 (the evidence for which is summarized by Maehly, 1955) . If the peroxidase contains nearly 20 % of carbohydrate (Maehly, 1955) it may well have a more expanded structure than that of more typical proteins, and gelfiltration would then give a high molecular-weight estimate. Molecular weights reported for intestinal alkaline phosphatase are 60 000 (Schramm & Armbruster, 1954) and 100000 (Engstrom, 1961) , whereas gel-filtration of a crude preparation gave a value of 115000. Again, the difference between the latter two values may be due to association of carbohydrate with the enzyme (Engstrom, 1961) . Gel-filtration of yeast alcohol dehydrogenase indicated a molecular weight of 126 000, in good agreement with the value of 129 000 determined by Armstrong, Coates & Morton (1963) by using the approach-to-equilibrium method in the ultracentrifuge, but lower than the older value of 150 000 (Hayes & Velick, 1954) .
Both bovine haemoglobin and ,B-lactoglobulin gave single peaks in elution diagrams, but except at the higher fi-lactoglobulin concentrations the elution volumes corresponded to molecular weights that were less than established values (Figs. 2 and  3 ). Both proteins have sub-unit structures, and the gel-filtration behaviour is evidence for rapidly established association-dissociation equilibria between complete molecules and sub-units, such as observed with a number of proteins in ultracentrifugation experiments (Schachman, 1960) . Osmotic-pressure, light-scattering and sedimentation data show that considerable concentrationdependent dissociation of haemoglobin molecules occurs in solutions of high ionic strength at neutral pH (Gutfreund, 1949; Rossi-Fanelli, Antonini & Caputo, 1961) , and at moderate ionic strength at high and low pH (Field & O'Brien, 1955; Hasserodt & Vinograd, 1959; Vinograd & Hutchinson, 1960) . Dissociation at moderate ionic strength and neutral pH, conditions similar to those used in the gel-filtration experiments, is normally so small that it has only been detected by the formation of hybrid haemoglobins (Huehns & Beaven, 1963) . However, from the molecularweight estimates (Fig. 2) , considerable dissociation of haemoglobin occurred during gel-filtration, even at pH 6-8. Clearly the inference is that dissociation was enhanced while the haemoglobin was passing through the column. This may have occurred through disturbance of equilibrium by 230 1964 diffusion of the smaller sub-unit aggregates into internal cavities of the gel which are not accessible to larger aggregates, followed by dissociation of the latter in an attempt to restore equilibrium. At the highest protein concentrations used in the ,B-lactoglobulin A experiments, the elution volumes corresponded to molecular weights (35000, 37500) close to the accepted value (36 500), whereas a reasonable extrapolation of the other results to zero protein concentration gave about half this value (Fig. 3) . As dissociation of ,-lactoglobulin into half-molecules, which readily occurs in the pH range 2-4 (Timasheff & Townend, 1961) , has also been detected by ultracentrifugation in dilute solution at a pH close to that used in the gelfiltration experiments (Georges, Guinand & Tonnelat, 1962) , it does not seem to be increased during gel-filtration as markedly as with haemoglobin. Gel-filtration may well have application in the study ofproteins that show association-dissociation phenomena, particularly in the determination of monomer or sub-unit molecular weights because molecular-weight measurements are possible at very low protein concentrations. Although protein concentration during gel-filtration is difficult to estimate in terms of equivalent concentration in free solution, the expression of results as in Figs. 2 and 3 should be helpful in such investigations. Some consideration and evaluation of possible errors in molecular weights estimated by gelfiltration is appropriate. The acidic groups in Sephadex gels (Gelotte, 1960; Flodin, 1962) cause retention of strongly basic proteins on the gels (Cruft, 1961) , and exclusion of phosvitin (Dr T. E. Barman, unpublished work) and other strongly acidic macromolecules (Hay, Wicken & Baddiley, 1963; Posner, 1963) from the inner cavities. Whether or not these ionic interactions can be eliminated by certain conditions of ionic strength and pH is uncertain, but moderate salt concentrations alone are sufficient to overcome the retention of other proteins on Sephadex gels from solutions of very low ionic strength (Glazer & Wellner, 1962; Miranda, Rochat & Lissitzky, 1962) . The anomalous behaviour of pancreatic amylase on Sephadex columns indicates that interaction between enzyme and gel might also occur because of structural similarities between the gel and a normal substrate for the enzyme (Flodin, 1962) . Clearly, any undetected interaction between solute and gel can lead to erroneous conclusions about the molecular weight of the solute, but on present evidence this problem seems unlikely to detract seriously from the general usefulness of the method. No difficulties should arise from irregularities in the distribution of pore sizes in the gels, because both the method of their preparation (Flodin, 1962) and the regularity of the curves in Fig. 1 indicates that in each gel the distribution is smooth. In this respect, however, difficulties might arise in experiments with mixtures of gels.
The most likely causes of error in protein molecular weights estimated by gel-filtration are the inaccurate estimation of elution volumes, differences in shape between one protein and another, and density differences between solvated protein molecules, resulting in different ratios between size and molecular weight. A way of assessing the magnitude of error is to assume that deviation of points from the curves in Fig. 1 and the differences between estimated and literature values in Table 4 are due to these causes. The greatest deviation in Fig. 1 occurs with P8eudo-monas cytochrome c-551, for which the difference between known molecular weight and molecular weight calculated from elution volumes is approx. 10%. This uncertainty also covers the probable errors in the results of Table 4 , except for horseradish peroxidase and intestinal alkaline phosphatase which have been discussed above. Therefore the possibility is that estimates with Sephadex G-100 of the molecular weights of globular proteins in the range 10 000-150 000 will be accurate to within 10 %. Estimates for other types of protein, including glycoproteins, may be less accurate if globular proteins are used for calibration.
Molecular weights estimated by Sephadex gelfiltration are probably more reliable than those obtained by agar gel-filtration (Andrews, 1962) because of better resolution and less possibility of interaction between solute and gel. Adsorption effects may well have caused the significant differences between molecular weights estimated by the two methods for intestinal (115000 and 92000) and milk (148 000 and 105000) alkaline phosphatases, for in each case the agar-gel estimate is the smaller. In this case, the Sephadex-gel estimates must also be accepted with reserve. Clearly, the value of the gel-filtration method will be enhanced if such difficulties are overcome by the development of other gel-filtration media.
Comparison between proteins of known and unknown molecular weight forms the basis of several methods that may be used for estimation of molecular weights or diffusion coefficients. Besides gel-filtration, they include density-gradient centrifugation (Martin & Ames, 1961) , dialysis (Craig, 1960) , electrodialysis (Pierce & Free, 1961) , ultrafiltration (Rosenfeld, 1963) , diffusion through agar gels (Allison & Humphrey, 1960; Ackers & Steere, 1962; Schantz & Lauffer, 1962) and starch. gel electrophoresis (Smithies, 1962 2. Graphs of V0 against log(molecular weight) were linear over the molecular-weight ranges 3000-35000 and 5000-60000 for Sephadex G-75 and G-100 respectively. Within these limits the gels give optimum separation of proteins according to molecular weight, but their useful working ranges extend to about 70000 and 150000 respectively.
3. The lower molecular-weight limits for complete exclusion of.proteins from Sephadex G-75 and G-100 were estimated as 110000 and 300000 respectively. 4. The relationship between Ve and molecular weight was similar over the pH range 1-3-10-7.
5. The use of Sephadex G-100 columns for estimating the molecular weights of proteins was described; 10,g. of protein with enzymic activity, or 100 ,ug. of non-enzymic protein, may be sufficient for an estimation. Purification of the protein is unnecessary if it can be estimated in column effluents by a specific method.
6. Molecular weights of enzymes estimated in this way were in agreement with literature values. In cases where molecular weights determined by other methods have not been published, Sephadexgel-filtration estimates were: adenosine deaminase, 34900; yeast glucose 6-phosphate dehydrogenase, 110000; A. aerogenes glycerol dehydrogenase, 120 000; milk alkaline phosphatase, 148 000.
7. Bovine haemoglobin showed very marked concentration-dependent dissociation on Sephadex G-100 columns, and dissociation of fl-lactoglobulin A into half-molecules also occurred.
8. Good correlation was observed between distances migrated and molecular weights of proteins in thin-layer gel-filtration with Sephadex G-100.
9. Potential sources of error in molecular-weight estimation by Sephadex gel-filtration were discussed. The maximum uncertainty in values estimated by the column procedure for globular proteins in the range 10000-150000 was put at + 10 %. For other types of protein the possibility is that values will be less reliable, if globular proteins are used for calibration of the columns.
